Muscle, liver, and kidney tissue from 456 ringed seals (Phoca hispida) from eight areas in Greenland were analysed for cadmium, mercury, zinc and selenium. In general, cadmium concentrations were high in liver and kidney tissue, with geometric means of 7.79 and 33.5Ilg/g (all data on wet weight basis), respectively. Muscle levels were considerably lower, at 0.067}lg/g. The concentration of mercury was relatively high in liver tissue with a geometric mean of 2.591lg/g. Muscle and kidney mercury levels were somewhat lower, with geometric means of 0.210 and 0.956Ilg/g, respectively.
INTRODUCTION
Ringed seals (Phoca hispida) have been the most numerous and most commonly hunted marine mammal species by the Inuit population in Greenland and other Arctic areas for centuries (Reeves et al. this volume, Teilmann and Kapel this volume) . Ringed seals are abundant throughout the year in most of Greenland's coastal waters. Annual catches of between 70,000 to 100,000 have been reported from Greenland during the last decades (Teilmann and Kapel this volume) .
During recent years there has been an increasing interest in documenting and understanding food chain accumulation and geographical and temporal trends of contaminants levels. Some of these issues have recently been elucidated for the Greenland and the Arctic marine ecosystems (e.g. Dietz et al. 1996 Dietz et al. , 1997 . Heavy metals data from a number of animal groups, including fish, seabirds, walrus (Odobenus rosmarus), whales and polar bear (Ursus maritimus), have previously been documented from the Greenland marine ecosystem (e.g. Born et al. 1991 , Nielsen and Dietz 1989 , PaludanMuller et al. 1993 . Dietz et al. 1995 , Riget et al. 1997a . Baseline data on seals from Greenland waters are included in a review of the marine ecosystem (Dietz et al. 1996) . In the present study, however, a much more detailed presentation and data analysis is provided.
This article focuses on accumulation of cadmium, mercury, zinc and selenium in ringed seals from Greenland waters. Information is presented on tissue differences, age-related differences as well as geographical trends. A number of authors have previously documented that Arctic seals have quite high levels of cadmium and mercury, and that the cadmium levels are higher than in seals from the industrialised part of the World (e.g. Sergeant and Armstrong 1973 , Smith and Armstrong 1975 , 1978 , Johansen et al. 1980 , Wagemann et al. 1996 .
The physiological interactions between the contaminant levels are illustrated by statistical comparisons. In addition to muscle, liver and kidney samples, the contaminant level in bile was examined in some of the animals. The pur-
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pose was to provide information on the enterohepathic pathway and the excretory abilities of heavy metals. the final analysis of samples with concentrations less than 2.5pg/g wet weight. This latter technique was also used for selenium analyses. Mercury analyses were perfOlmed by hydride generation and the amalgam technique as previously described by e.g. Dietz et al. (1990 Dietz et al. ( , 1995 Dietz et al. ( , 1996 . At IEOM, cadmium was analysed using graphite furnace AAS. Mercury was analysed by hydride generation and amalgam technique after the samples were burned in quartz tubes in an oxygen rich atmosphere and the mercury was collected in potassium perrnanganate. At CIR, samples were analysed by flame AAS (Perkin Elmer 303, 460 or 503). Low metal 
248
concentrations were extracted using Ammonium pyrrolidinedithiocarbamate (APDC) and Methyl isobutyl ketone (MIBK) (Johansen et al. 1991) .
Quality assurance
The analytical quality was checked by repeating analyses and by the frequent use of various reference standards; in particular Tort -1 (lobster hepatopancreas), supplied by the National Research Council of Canada (Marine Analytical Chemistry Standards Program), and the dried tuna internal standard of the National Food Agency of Denmark. The DAE laboratory participates in the international intercalibration exercises conducted by the International Council for the Exploration of the Sea (ICES), and by the Department of Fisheries and Oceans (DFO), Winnipeg, Canada. Detection limits and conversion factors For laboratory analyses the detection limits for cadmium, mercury and selenium, were 0.015, 0.005 and 0.20pg/g wet weight respectively. All concentrations are reported as pg/g wet weight (ww). For conversion into pg/g dry weight, the factors 3.37 (muscle), 3.38 (liver), and 4.47 (kidneys) were estimated. These values were computed from the means of dry weight percentages routinely recorded in the laboratory.
Statistical analysis
For statistical treatment, values below the detection limit were recorded as being half the detection limit value prior to logarithmic transformation. The assumptions of normal distribution and homogeneity of variance were met after logarithmic transformation of the data. Cadmium in liver intosh was used to perform parametric correlation analysis and t-tests on the transformed data. Analysis of variance (ANOVA) and comparison among group means (Tukey) were performed on transformed data using SuperA-NOVA 1.11 (Abacus Concepts Inc.) for Macintosh, supplemented with tables from Zar (1984) . Two factor ANOVA was used to test for the element concentrations dependency of location and age in all tissues. One-way ANOVAs were performed to further examine the differences in cadmium and mercury levels between the areas of comparable age groups. Age-accumulation factors in ringed seals were computed from least square estimates of age class effect in two-way analyses of variance of log-concentr3-tion, with sampling area as the other factor. The differences between the least square estimates for one-year-olds compared with each of the three other age groups were tested for statistical differences using at-test.
RESULTS
Cadmium and mercury data in ringed seal from the municipalities sampled are presented for the following age groups: one year, 2-4 years, 5-10 years old and> 15 years, in order to elucidate geographical differences (Tables 1 and 2 ). Data from the remaining age groups (new-born and 11-15 years old) and all the data for zinc and selenium are presented without geographical subdivision, as the sample size is too small to allow meaningful comparisons. In the case of zinc the metal is believed to be regulated by the organism, and hence is unlikely to show geographical differences (Table 3) . Few significant differences were detected between sexes, and among those that were significant no consistencies were found. Hence, gender was omitted as a covariate in the statistical analysis and data presentations.
Tissue differences Ringed seals accumulate most cadmium in the kidneys (GM = 33.5)Jg/g ww), with the level being 4.3 and c. 500 times higher than in the liver (GM = 7.79 )Jg/g ww) and muscle (GM = 0.067)Jg/g ww) respectively (Tables 1 and 4) . The kidney/liver cadmium ratio is independent of concentration level, whereas liver/muscle ratio decreases as a function of concentration NAMMCO Scientific Publications, Volume I (Fig. 2) . However, individual variation may be considerable.
In general, the differences in tissue concentrations of mercury are less pronounced than for cadmium. The liver of ringed seal is the major organ for deposition of mercury, the average level (GM = 2.59)Jg/g ww) being about 2.5 and 12 times higher than in kidney (GM = 0.956)Jg/g ww) and muscle tissue (GM = 0.21O)Jg/g ww), respectively (Table 2 and 4) . The ratio between mercury in muscle and kidneys versus liver increases with increasing liver concentration (Fig. 3) .
The zinc concentrations in liver and kidneys of ringed seal are almost identical (GM = 46)Jg/g ww) and about twice the concentration found in muscle (see Table 3 ).
The concentration of selenium in ringed seals is about the same in liver and kidneys (GM = 2.54 and 1.95)Jg/g ww, respectively) and about 10 times higher than in muscle tissue (see Table 3 ).
Geographical comparisons among different ringed seal age groups Cadmium There is considerable variation in the cadmium level between geographical areas, and also between individuals, as reflected by the wide 95% confidence intervals (Table 1) . In one-year-old seals, cadmium concentration in muscle varies by a factor of up to 20 between the geographical areas, and a factor of 8 in liver and kidneys. In 5-10 year-old and older seals, the levels vary by factors of 4-10 (Table 1) .
Cadmium level is strongly dependent on age and municipality, and there is a significant interactive effect between these two variables (Table 5) . Thus, the accumulation of cadmium varies with age from one area to another. With some exceptions, multiple comparisons show a tendency towards higher cadmium levels in the northern municipalities for seals of the same age groups (Table 6 ).
Among one-year old ringed seals, the cadmium levels in muscle and kidneys were significantly lower in Nanortalik compared with municipalities in West Greenland (Uummannaq, Uperna- 
Mercury in liver jlg/gw.w.
vik and Avanersuaq). A similar pattern was found in liver tissue from most of the West Greenland municipalities, although for seals from Avanersuaq the levels were not significantly higher than in seals from Nanortalik. Seals from Nanortalik also had lower cadmium concentrations than seals from Ittoqqortoormiit; the only East Greenland municipality from which this age group was analysed. Cadmium levels in ringed seals from Avanersuaq were significantly lower than in seals from Upernavik and Uummannaq, except for muscle, which was not significantly different from the concentration found in seals from Uummannaq. However, the Avanersuaq data are highly variable, as indicated by the unusually large 95% confidence intervals (Table 1) . Among the oneyear-old ringed seals, the cadmium concentration in general was highest in Upernavik compared with the other areas.
In 2-4 and 5-10 year-old ringed seals, the cadmium concentrations were significantly higher in seals from Upernavik and Avanersuaq compared with seals from Uummannaq, East Greenland and Svalbard. The only exceptions were the levels in liver and kidney in 2-4 and 5-10 year-old seals from Ittoqqortoormiit, where cadmium concentrations were of a similar level. Only minor differences were observed between areas on the Greenland East Coast (Ittoqqortoormiit, Danmarkshavn and Kong Oscars 
Mercury
The differences in mercury levels among the different areas of Greenland are moderate for most age groups and tissue combinations. In tissues from one-year old seals, the geometric means varied by no more than a factor of three (Table 2) . A similar variation was found in kidney samples from adult and old seals. However, the mean concentrations in the liver varied by a factor as large as 20 among the different areas.
A two-way ANOVA showed that the mercury concentration was strongly dependent on location and age (Table 5 ). Multiple comparisons (Fishers PLSD-test) showed that mercury levels were generally higher in ringed seals from East Greenland compared with municipalities in West Greenland (Table 6 ). The tissue levels in one-year-old ringed seals from Ittoqqortoormiit were in several cases significantly higher than in seals from Avanersuaq, Uummannaq and Nanortalik. However, the mercury levels recorded in Ittoqqortoormiit were similar to these levels in seals from Upernavik. The concentrations in adults (5-10 years) and old ringed ------0.01 < P < 0.05 --0.001 < P < 0.1 ---P < 0.001 seals (>15 years) from East Greenland (Kong Oscars Fjord, Danmarkshavn and Ittoqqortoormiit) were higher than in ringed seals from West Greenland in all cases, with the exception of muscle concentrations in seals from Avanersuaq, which were higher than in seals from Ittoqqortoormiit. In most cases, the differences were significant and most pronounced for seals from Danmarkshavn and Kong Oscars Fjord.
The variation in mercury level was only moderate from north to south. The mercury levels in liver and kidney in one-year-old seals from Nanortalik for example, were similar to the levels in Avanersuaq and Upernavik, whereas the levels in muscle were lower. The lowest mercury level was found in seals from Uummannaq.
There were no significant differences between adult seals from Avanersuaq and Upernavik, whereas Uummannaq was significantly lower in two out of three comparisons. In old seals no clear difference was found between seals from Avanersuaq and Uummannaq. On the east coast, the highest concentrations were found in seals from Kong Oscars Fjord, followed by slightly lower levels in the more northern region around Danmarkshavn. The lowest levels were observed in the more southern municipality of Ittoqqortoormiit, being significantly different in only some of the cases (Table 6 ).
The mercury concentrations in ringed seals from Svalbard were low, and in most cases significantly lower than in seals from East and West Greenland.
Zinc
The zinc levels ranged from 33.1!1g/g ww in ringed seals from Nanortalik, to 54.7!1g/g ww in those from Upernavik. A two-way ANOVA showed that zinc concentrations in liver and kidneys may differ between municipalities (Table 5) . Age, however, was of no importance in any of the tissues. Multiple comparisons revealed only few significant differences between areas. The only significant difference in zinc levels was found in one-year-old seals from Nanortalik which had significantly lower kidney tissue levels than in any of the other subgroups (Upernavik, Avanersuaq, Ittoqqortoormiit and Uummannaq).
Selenium
For selenium the same significant differences were found between age and municipalities as observed for cadmium and mercury. Due to the regulative properties of the micronutrient selenium and the smaller number of samples (N from 64 to 118), the comparisons were significant at a lower level than for cadmium and mercury.
Accumulation with age
In order to extract a general pattern, age accumulation factors were calculated between seals aged one year and the older age groups ( Table  7) . The increase of cadmium in ringed seals from one year to 2-4 years is moderate (1.42-1.60), whereas, the increase to 5-10 years is higher (1.99-2.65). All increases are significant relative to one-year-old seals (Table 7) . A further increase in the cadmium level takes place in muscle tissue of seals >15 years (3.02), whereas a decrease occurs in liver and kidney tissue. Cadmium concentrations in the liver drop to about half the level in the 5-10 year-old seals, and approach the levels found in oneyear-old seals (Fig. 4) . For cadmium, the kidney/liver ratio remains relatively constant throughout the animal's lifetime (Table 4 ). The ratio of kidneys and liver to muscle concentrations are lowest for yearling seals, highest in one-year-old seals, and hereafter the ratio shows a decline to approximately one third in the oldest age group. A rough extrapolation of cadmium levels between liver and kidneys can therefore be performed independent of age, whereas this is not the case for muscle tissue.
The concentration of mercury in ringed seals increases in all tissues from one-year olds to (Tables 2 and 7) . Accumulation is most pronounced in the liver, where it more than triples from one-year old seals to 5-10 year-old seals, and almost doubles by the time seals are > 15 years old. In general, the age accumulation factors for mercury in liver are higher than for cadmium. The levels increase by 1.57-1.99 times from one year to 2-4 years, and are even more pronounced for 5-10 yearolds (1.99-2.65) and> 15 year-olds (2.85-6.94). Thus, mercury accumulates throughout the entire lifetime of ringed seals in all three tissues examined ( Fig. 5) . Calculations of the ratios relative to age revealed an increase in the liverkidney ratio throughout the life, increasing by almost 6 times in the oldest seals compared with the youngest seals. The liver-muscle ratio increased by more than 3 times the level in oneyear-old seals. The ratio between the mercury concentrations in kidneys and muscle are more or less constant for age groups older than yearlings, whereas the ratio is twice as high for (Table 4) . Mercury therefore increases relatively more by age in liver compared to both kidney and muscle.
The calculation of age accumulation factors for zinc underlines that the concentration of this essential metal only changes slightly with age in ringed seals. There are no significant differences in zinc concentrations in muscle, while the concentrations in liver and kidneys show a slight increase with time, some being significant. Zinc levels in liver and kidneys in 2-4 year-old and 5-10 year-old seals are slightly higher (1.02-1.17) than in one-year-old seals (Table 7) . A minor decrease in seals older than 15 years (1.02-1.14) can be detected.
No distinct age accumulation was found for selenium in muscle and kidney tissue. However, the increase in liver (1.7) was significant for ringed seals older than 5 years of age (Table 7) .
Inter tissue correlations
Cadmium concentrations in muscle, liver and kidneys were found to be strongly pairwise correlated (Table 8 ; Fig. 2 ). The variation in the tissue ratios for different age groups was presented in the section on 'Tissue differences'.
When three (or more) variables have a significant pairwise correlation it may be that one of the three relations is indirect and only significant because of the correlation of the two variables to the third variable. Partial correlation coefficients correct for such interactions of three or more variables by mathematically holding the third variable constant (see e.g. Sokal and Rohlf 1981) .
For partial correlations the correlation coefficients were not as strong, but had a similar level of significance. Although cadmium shows a decrease in liver and kidneys in the oldest age There is also a strong correl ation i n mercury concentrations between the analysed tissues (Table 8) , even though animal s with a high mercury burden store rel atively more mercury in li ver compared to muscle and kidney tissue (Fig. 3) . The correlation coefficients for partial correlation revealed the same pattern as for cadmium.
The zinc concentrations in liver and kidneys were also strongly correlated, as was the concentration of selenium in muscle and kidneys (Table 8) . Zinc was the only metal for which an increase was found in the correlation coefficient when considering partial correlation. The significance of the muscle-liver relation also improved when considering the partial correlation coefficient.
Inter element correlations There was a strong pairwise correlation between cadmium and zinc in kidneys and liver and a less pronounced correlation in muscle ( Table 9 ). The molar concentrations of zinc versus cadmium in kidneys seem to reach a ratio close to 1: 1. This ratio is reached when the cadmium concentration is larger than 1,000nmol/g (l12)lg/g ww) in the kidneys. At lower cadmiurn levels, zinc concentrations may be up to 20 times higher than cadmium on a molar basis (Fig. 6 ).
Mercury was strongly correlated to selenium in the liver. The ratio is close to 1: 1, where the mercury concentrations increase above 40 nmol/g, corresponding to about 18)lg/g ww (Fig. 7) . Cadmium and mercury were pairwise correlated in all tissues, whereas cadmium and selenium, as well as mercury and zinc were only correlated in liver and kidneys (Table 9 ).
The partial correlation coefficients confirm the strong pairwise correlation between cadmium and zinc in liver and kidneys and between mercury and selenium in liver (Table 9 ). However, the apparent pairwise correlation between cadmium and selenium in the liver, and between mercury and zinc in the liver and kidneys, are excluded by the partial correlation. Furthermore, the correlation coefficients for cadmiumselenium and mercury-zinc in liver are nega- Table 9 . Number of observations (N), pairwise and partial intra tissue correlation coefficients (CC) between element concentrations (pairwise and partial) and significance levels (SL) for ringed seals from Greenland. tive. Thus, all the relations apart from cadmium-zinc, mercury-selenium and cadmium-mercury are secondary.
Heavy metals and selenium levels in the bile The concentration of cadmium in bile from ringed seals was relatively high (GM = 2.5711g/g ww; Table 10 ). The bile level was about 15 % of the level in the liver, ranging from 1.5-70%. Cadmium in the bile is 5% of the level in the kidneys, whereas it is about 10 times higher than in muscle. Inter tissue con-elation (pairwise) shows cadmium in bile to be strongly con-elated to the level in liver, kidneys and muscle (Table 11 and Fig. 8 ). However, partial con-elation shows that cadmium in bile was only strongly con-elated to cadmium in liver, and weakly con-elated to cadmium in muscle (Table 11) . A highly significant con-elation was found between cadmium and zinc in bile, while cadmium was not con-elated to mercury or selenium (results not tabled).
The concentration of mercury in bile from ringed seals (GM about O.I11g/g ww) was relatively low compared to the other examined tissues. The bile contains about 2.7% of the mercury concentration in liver (ranging from 0.3 % to 30%), 8% of the kidney concentration, and about 36% of the muscle concentration.
A strong pairwise con-elation was found between mercury in bile and in the other tissues (Table 11 and Fig. 9 ), but the partial correlation only showed a significant con-elation between bile and kidneys. Mercury in bile was not correlated to any of the other elements analysed.
DISCUSSION
Tissue, sex and age differences The tissue differences and lack of differences between sexes found in the present study are similar to other studies of Arctic marine mammals, and marine mammals in general (e.g. Law 1996 , Dietz et al. 1996 , in press b, Wagemann et al. 1996 , Riget et al. 1997a . A number of monitoring programs (e.g. Arctic Monitoring and Assessment Programme) have generally chosen to focus on element levels in only one tissue to reduce costs, and a single tissue is often used to elucidate temporal and geo- Dietz et al. 1996) . Assessment of human intake of marine mammal tissue and toxicological evaluations require a number of tissues, since many different tissues are consumed, and metal levels evidently vary between organs. A rough extrapolation from one tissue group to another can be conducted, although considerable variation is observed among individuals, metals and age. Similar variability has been documented for ratios of cadmium concentrations in human kidney cortex and liver for individuals of different ages (Kjellstrom 1979 ).
Geographical differences within the different age groups of ringed seals Geographical differences in heavy metal levels in animal tissues have been discussed by a number of authors in order to evaluate the exposure of these toxic compounds, both to biota and humans in different regions. It is of course important that the groups to be evaluated are comparable. Factors such as age and sex are in general eliminated through selection of comparable groups, or through normalisation of data. Other factors, such as differences in food selection, temperature, local geology and anthropogenic input have also been proposed as factors affecting the contaminant levels, but such variables
NAMMeo Scientific Publications, Volume I
are seldom considered and quantified (e.g. Dietz et al. 1996 , in press b, Wagemann et al. 1996) . Seasonal and annual differences have been documented for other species, and some caution should be taken in making rigid conclusions in relation to geographical comparisons or temporal trends, as the biological variation may be substantial (e.g. Bignert et al. 1993 , 1994 , Olsson 1995 . In addition, a number of conditions may contribute to individual variation, such as migration patterns for non-stationary species. A number of variables are of importance for stationary species of the lower trophic levels, including local geographical trends, mineralisation rate, wind and current directions, and precipitation (Olsson 1995) . Although information on all the variables mentioned above was not available, geographical comparisons were conducted in order to see whether a pattern was apparent in seals from Greenland waters.
Geographical differences in cadmium of ringed seals within Greenland and its possible derivation from food Prey selection and the cadmium content of the prey only partly explain the observed geographical differences in cadmium levels in Greenland ringed seals. The low concentrations found in seals from Nanortalik is in accordance with the relatively low concentrations present in their major food items (capelin, Mallotus villosus) see Siegstad et al. (this volume) for details on ringed seal prey) in this area (Riget et al. 1997b) . The high cadmium levels in adults and old seals from Avanersuaq correspond well with the high levels that are found in their major food items, polar cod (Boreogadus saida). However, the low levels observed in one-yearold seals cannot be explained. No clear differences in food preference have been found between different ringed seal age groups from Avanersuaq (Siegstad et al. this volume) .
The low cadmium levels in seals from Uummannaq correspond well with the low levels found in Greenland halibut (Reinhardtius hippoglossoides) and in Euphausiacea (Dietz et al. 1996 , Riget 1997b ). However, higher levels were expected considering the large intake of Parathemisto libellula with a relatively high cadmium content (e.g. Macdonald and Sprague 1988 , Dietz et al. 1996 , Zauke et al. 1996 , Ritterhoff and Zauke 1997 . It is not clear why ringed seals from Upernavik have such a high cadmium content when their principal food item, Arctic cod (Arctogadus glacialis), has a rather low cadmium content.
Knowledge of seasonal or year to year differences in ringed seal diet is limited. Such dietary differences may explain the apparent lack of correlation between metal levels in some seals and their prey. The samples from Avanersuaq, Upernavik and Nanortalik were collected during a one-month sampling period, whereas the samples from Uummannaq were collected over a longer period (October-June) during which major fluctuations in prey selection of ringed seals occured (Siegstad et al. this volume) . Parathemisto was the dominant prey in October, but it was not consumed at all in June. The opposite was the case for Euphausiacea, while Liparis spp. was the only prey item consumed from October to February. A similar fluctuation in prey selection by seals from other areas could influence estimates of total cadmium intake considerably. Another uncertainty may arise from annual variations, which may appear in both the feeding habits of the seals and the cadmium content of their prey.
The results show to some extent higher cadmium concentrations in seals from more northerly
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areas, which may be caused by a generally higher cadmium level in prey items. This is supported by the low levels observed in oneyear-old seals from Nanortalik compared with all the other subgroups of one-year-old seals, and by the high levels in adult and old seals from Avanersuaq and Upernavik. Species such as P. libellula, polar cod, shorthorn sculpin (Myoxocephalus sC01pius), as well as several seabird species, have also been documented to have higher cadmium concentrations in Northwest Greenland compared to Southwest Greenland (Nielsen and Dietz 1989 , Dietz et al. 1996 , Riget et al. 1997b Finally, it is worth noting that the variation in cadmium levels in seals cannot be explained by differences in geological background levels, as has been suggested for Canadian ringed seals (Wagemann et al. 1996) . Analysis of sediment samples taken in zones of different geological origin along the coast of Greenland show only small and insignificant differences between areas (Loring and Asmund 1996) . It can therefore be concluded that the geographic variation in cadmium levels among seals from different areas reflects differences in prey selection. However, no straightforward correlation between the concentrations in the seals and their prey selection could be demonstrated.
Cadmium in ringed seals from Greenland compared to other Arctic areas The average cadmium concentration in ringed seals from Greenland was about the same as in ringed seals from the eastern Canadian Arctic. Wagemann et al. (1996) were not able to detect any significant differences between sites in eastern and western Arctic. However, the levels in ringed seals from the eastern Arctic were reported to be twice as high as in the western Canadian Arctic. Ringed seals from Eureka on Ellesmere Island, had even lower levels than seals from the western Canadian Arctic, and seals from Svalbard were also reported to have low cadmium concentrations (Carlberg and B(2ller 1985 , Skaare 1994 , Wagemann et al. 1996 , this study). The decline in cadmium concentrations from eastern to western Canada, and the low cadmium levels from Svalbard, have also been observed for other marine mammal species such as beluga whales (D elphinapterus leucas) and polar bears (Norstrom et al. 1986 , Braune et al. 1991 , Dietz et al. 1995 , Wagemann et al. 1996 . Wagemann et al. (1996) attributed the geographical trend within Canada to different natural background levels, dictated by geological differences. However, this could not be demonstrated within Greenland (Loring and Asmund 1996) . A more likely explanation is that diet may differ regionally. If, for example, crustaceans constitute a significant part of the diet, the cadmium intake will be higher than if fish is the main prey; which on the other hand would result in a higher mercury intake. The similarities between geographical trends in belugas and ringed seals may be explained by similar prey preference, whereas the correlation between polar bear and ringed seal metal burdens are most likely a result of polar bear predation on ringed seals (e.g. Stirling and Archibald 1977 , Smith 1980 , Wagemann et al. 1996 .
Cadmium in seals from North European waters Cadmium levels in seals from West Greenland were much higher than the levels found in ringed seals from the Gulf of Bothnia. Levels in muscle were approximately 15 times higher (mean values), and liver and kidney levels were 16-202 and 24-93 times higher, depending on areas and age groups compared (Dietz 1981 , Frank et al. 1992 . High cadmium levels in the Arctic seals (ringed seals and bearded seals, Erignathus barbatus) have also been found in other studies (e.g. Sergeant and Armstrong 1973 , Smith and Armstrong 1975 , 1978 , Wagemann et al. 1996 . Johansen et al. (1980) also concluded that cadmium levels were higher in Arctic seals. Studies of harp seals (Phoca groenlandica) from five locations in Arctic Canada (Ronald et al. 1984) showed similar cadmium concentrations as observed in ringed seals in the present study. The levels in grey seals (Halichoerus grypus) from the Gulf of Bothnia and harbour seals (Phoca vitulina) from Skagerrak and British waters correspond to the levels in the ringed seal from the Gulf of Bothnia (Helle 1981 , Botta et al. 1983 , Perttilti et al. 1986 ). An increase towards the north has also been demonstrated in harbour porpoises (Phocoena phocoena), with cadmium levels being about 10 times higher in harbour porpoise from Arctic waters compared to more boreal parts of the North Atlantic (Paludan-Milller et al. 1993 ).
The prey of Arctic ringed seal, such as crustaceans, including Parathemisto, and Arctic cod, contain high cadmium concentrations (e.g. Macdonald and Sprague 1988 , Petri and Zauke 1993 , Dietz et al. 1996 , Zauke et al. 1996 , Riget et al. 1997a ,b, Ritterhoff and Zauke 1997 . The consistently high levels in marine mammals from Arctic waters can therefore be explained by the importance of these prey items in the ringed seal diet.
The high cadmium levels in fish and crustaceans from the Arctic may be explained by lower growth rates in Arctic waters, which could lead to increased cadmium accumulation. It is well known that the growth rate of fish decreases with falling temperature, whereby a relatively higher proportion of food intake is utilised for basic metabolism and activity.
Geographical differences in mercury of ringed seals within Greenland Ringed seals from East Greenland generally have a higher mercury burden than those from West Greenland. Mercury levels in Danmarkshavn, Kong Oscars Fjord and to some extent Ittoqqortoormiit, exceed the levels in Avanersuaq, Upernavik, Uummannaq and Nanortalik. The high mercury levels in adult ringed seals from Kong Oscars Fjord can only partly be explained the feeding habits observed by Siegstad et al. (this volume) . Arctic cod has been shown to contain higher mercury burdens than e.g. polar cod, whereas the opposite is the case for cadmium (Dietz et al. 1996) . Arctic cod constitutes as much as 60% of the seal's diet in Kong Oscars Fjord, which is, much more than in Avanersuaq and Uummannaq, where polar cod is more important. Seals from Upernavik, however, shows a similar proportion of Arctic cod without similarly high mercury levels.
Studies of feeding habits offer insight to the last meal of the seal whereas metal burdens are accumulated over years. The opposite cadmiummercury trend observed between East and West Greenland, could indicate a difference in the ratios between crustacean and fish or polar cod and Arctic cod, that is not revealed by the studies of feeding habits.
Analyses of sediments collected along the coasts of East and West Greenland indicate that mercury levels are about twice as high on the east coast, probably due to influence from the volcanic activity around Iceland (Loring and Asmund 1996) . To what extend geology influence the metal content in biota is uncertain and it cannot alone explain the large differences observed in ringed seal tissue between areas in Greenland.
The mercury data from municipalities in West and East Greenland indicate no tendency towards higher levels in the northern areas, in contrast to what was found for cadmium. In West Greenland, the most pronounced differences are the low levels in seals from Uummannaq and the high levels in seals from Upernavik. The low levels in seals from Uummannaq may be attributable to the high intake of Parathemisto and Euphausiacea, which have low mercury content (Dietz et al. 1996) . In Upernavik, the high levels observed might be explained by the intake of Arctic cod, which has a much higher content of mercury than other fish species from Greenland waters (Dietz et al. 1996 , Riget et al. 1997b .
Mercury in seals from other parts of the Arctic
Data from seals sampled in Alaskan waters indicate high mercury concentrations (1.52 -3.52f1g/g ww) in one and two-year-old ringed seals (Zeisler et al. 1993) . These levels correspond well with the concentrations reported from the western Canadian Arctic and in East Greenland. In the eastern Canadian Arctic, West Greenland, Svalbard and northern Norway the NAMMCO Scientific Publications, Volume I levels are approximately 3 times lower (Smith and Armstrong 1975 , 1978 , Johansen et al. 1980 , Carlberg and B0ler 1985 , Wagemann 1989 , Skaare 1994 , Wagemann etal. 1996 . Smith and Armstrong (1978) found no significant differences between mercury concentrations in liver or muscle tissue in areas as widely separated as Holman, in the western Canadian Arctic, and Pond Inlet, on northern Baffin Island. However, Eaton and Farant (1982) pointed out that, based on the results from Smith and Armstrong (1978) , the age accumulation of mercury in liver of ringed seals increased from east to west. The increasing trend of mercury in ringed seal liver from eastern to western Canada is supported by a recent study by Wagemann et al. (1996) , but no similar trend was found for kidneys and muscle. Juvenile ringed seals from Jarfjord in Norway, had lower mercury concentrations in liver and kidneys than ringed seals from Canadian and Greenland waters (Skaare 1994 , Wagemann et al. 1996 .
The high mercury levels in the western part compared to the eastern part of the Canadian Arctic have also been documented in beluga whale tissue (Wagemann et al. 1991 (Wagemann et al. , 1996 .
Comparisons of mercury accumulation rates in liver (data were not given for muscle and kidneys) of belugas from western and eastern Canada showed that the rate was more than three times higher in western Canada (Wagemann et al. 1996) . Similarly, polar bears from western Arctic Canada accumulated mercury in liver tissue (and hair) to a greater extent than polar bears from eastern Arctic Canada. They in tum accumulated more mercury than bears from Hudson Bay, Greenland and Svalbard (Eaton and Farant 1982 , Norstrom et al. 1986 , Renzoni and Norstrom 1990 , Born et al. 1991 , Braune et al. 1991 , Norheim et at. 1992 , Dietz et al. 1995 . This decrease from west to east is, however, inconsistent with the high mercury levels in ringed seals from East Greenland. Norstrom et al. (1986) suggested that the differences between western Arctic Canada and eastern Arctic Canada were most likely caused by higher mercury levels in the ringed seal food chain, resulting from higher natural levels in the sediments (and consequently in the lower food chain) of the Melville Island area. The evidence presented above indicates a geographic trend in mercury levels in ringed seal liver, but these differences are not apparent in kidneys and muscle tissue.
Mercury in seals from Northern
European waters The levels of mercury in ringed seals from the Gulf of Bothnia and the Gulf of Finland exceed even the highest values reported for the Arctic (Helle 1981 , Perttila et al. 1986 , Frank et al. 1992 . Studies involving grey seals and harbour seals indicate that levels in seals from northwestern European waters are higher than the Arctic (Frank et al. 1992 , Law et al. 1991 . This is further supported by a comparison of harbour porpoises from the two areas (Paludan-Miiller et al. 1993) . In seals found dead off the coast of the Netherlands, the mercury concentration in liver was extremely high, 257-326)lg/g ww (Koeman et al. 1975 ), most likely due to anthropogenic sources.
Age-accumulation of cadmium and mercury Our data showed that the cadmium concentrations in ringed seals reached maximum levels in mid-life. Cadmium in muscle seemed to maintain a constant level, while there was a significant decline in liver and kidney tissue in older seals. A similar tendency has been found in cetaceans. In belugas from West Greenland there was a 20% and 50% reduction in liver and kidney levels, respectively, from adults to old individuals. In narwhals (Monodon monoceros) and harbour porpoises, cadmium levels in kidneys drop by 20 % with age , Paludan-Miiller et al. 1993 . In minke whales (Balaonoptera acutorostrata) from the Antarctic, liver concentrations were reported to reach a maximum level in 20-year-old animals, declining to approximately two-thirds in animals aged 25-40 years (Honda et al. 1987) .
On the basis of this information, some caution should be taken when interpreting age accumulation observations (depicted as simple linear regressions) of cadmium in liver and kidneys presented in several studies of marine mammals (Tohyama et al. 1986 , Falconer et al. 1983 , Andre et al. 1990 , Wagemann et al. 1991 . The significance of regression or cOlTelation analysis is strongly dependent on the age composition of samples.
The decrease in cadmium in liver and kidneys in old animals may be related to several factors. A lower food intake due to declining growth and activity with age may be part of the explanation (Honda et al. 1987) . Also a change in diet from crustaceans to fish, as seen in several ringed seal populations (cf. Siegstad et al. this volume) , is expected to cause a decline in cadmium intake. An increase in urinary excretion may also be an important factor. In humans, age conditioned physiological changes in the kidneys give rise to renal cadmium excretion exceeding uptake around the age of 55 years (Nordberg and Kjellstrtim 1979) . The biological half time of cadmium in kidneys has been reported to decrease when renal tubular dysfunction occurs as a result of increased urinary excretion (WHO 1992) .
The concentration of mercury in ringed seals seems to increase throughout life, especially in the liver. This is in accordance with several studies of cetaceans, (e.g. Wagemann et al. 1983 , 1996 , Wagemann 1989 , Andre et al. 1990 , Paludan-Miiller et al. 1993 , Wagemann et al. 1996 , although in some of the studies, a cOlTelation was not found for all tissues. The high accumulation in the liver is probably related to the fact that the liver is the major organ responsible for demethylating methyl-mercury and storage of inorganic mercury. The ratio of inorganic to organic mercury suggests that ringed seals tolerate a certain level of organic mercury. When that is exceeded they demethylate and store most of the mercury in the liver, and to some extent in the kidneys (Freeman etal. 1975 ,Himeno etal. 1989 , Dietzetal. 1990 .
Age-accumulation of zinc and selenium The results for zinc and selenium in ringed seals are similar to those reported from other studies of marine mammals (e.g. Law 1996) . Zinc is an essential element, and the body is capable of regulating the physiologically required levels (Dietz et al. 1995) . Mammals also appear to be capable of maintaining selenium homeostasis at low levels of exposure (Dietz et al. in press b) . Further discussion of the levels of these metals is included in the sec-tion concerning the inter-element correlation between cadmium and mercury.
Inter-tissue correlations -liver as an indicator tissue
The strong inter-tissue correlation found for both cadmium and mercury is in accordance with several other studies of marine mammals in the Arctic (e.g. Hansen et al. 1990 , Dietz et al. 1995 . Even though a correlation is clear, tissue ratios may change. The ratio between cadmium in kidneys and liver seems to be relatively constant. The ratio of these tissues relative to muscle will, however, vary with age and concentration level. A similar variability has been documented in human tissue, where the cadmium ratio between kidney cortex and liver was dependent upon the age group studied (Kjellstrom 1979 ). There was a strong inter-tissue correlation in the levels of mercury found between tissues in ringed seals. However, the mercury concentrations in muscle and kidneys seem to reach a plateau at about Ipg/g and 5pg/g ww, respectively, irrespective of the levels in the liver, which may rise to more than 100pg/g. A similar pattern was found in other studies of marine mammals from the Arctic , Paludan-Muller et al. 1993 . Therefore the ratio between mercury levels in muscle and kidneys versus liver increases with increasing concentration and age. Calculations of the ratios relative to age revealed that the liver-kidney ratio of mercury concentration increases throughout life, increasing by almost 6 times between the youngest and the oldest age groups. The livermuscle ratio more than triples with age. The ratio between the mercury concentrations in kidneys and muscle is more or less constant for all age groups older than yearlings.
Inter-element correlations
A strong correlation between cadmium and zinc levels in liver and kidney tissue has been found in several studies of marine mammals. This correlation is due to the binding of cadmium to zincmetallothionein, thereby inducing synthesis of new zinc-metallothionein (Tohyama et al. 1986 , Wagemann and Hobden 1986 , Bremner 1987 .
The strong correlation between mercury and selenium has also been demonstrated in several NAMMCO Scientific Publications, Volume I other studies of marine mammals (Koeman et al. 1973 , PaludanMuller et al. 1993 , Dietz et al. 1995 . The observed 1: 1 molar ratio between selenium and mercury in liver suggests that these metals act as antagonists for each other, and are detoxified as inert mercuric selenide (HgSe, or tiemannite, Andre et al. 1990 ).
The finding that the pairwise correlation coefficient between cadmium and selenium in ringed seal liver becomes negative when using partial correlation indicates that metabolism of cadmium in the liver does not involve selenium. This observation is supported by studies of polar bears, where the use of partial correlation also strongly reduced the correlation coefficient (Dietz et al. 1995) . This raises some uncertainty in relation to earlier results, including some of our own work (e.g. Wagemann et al. 1983 ). The pairwise correlations found are probably related to the fact that both elements are strongly correlated to mercury; cadmium through age-dependent accumulation and selenium through the binding to mercury.
The partial correlation coefficient for cadmium and selenium in the kidneys, on the other hand, is only slightly reduced compared to the pairwise correlation coefficient. This indicates some interaction with selenium during cadmium metabolism in the kidneys, although the cadmium-zinc interaction is the most significant. A strong reduction in the correlation coefficient was also found for cadmium and selenium in polar bear kidneys using partial correlation (Dietz et al. 1995) .
The large reduction in the mercury-zinc correlation coefficient between ringed seal liver and kidneys when using partial correlation indicates that zinc is not involved in mercury metabolism. A similar result was found with polar bears (Dietz et al. 1995) . Again, this suggests that pairwise correlation's observed earlier should be taken with caution (e.g. Honda et al. 1987 , Muir et al. 1988 ).
Heavy metals and selenium levels in the bile
The relatively high cadmium concentrations in the bile of ringed seals, being more than 10 times higher than in muscle, indicates a high daily uptake of cadmium from food. While this uptake is reflected by the high concentration in the bile, it is uncertain whether the cadmium is actually excreted or reabsorbed from the intestine (enterohepatic circulation).
The strong pairwise con-elations between cadmium in the bile and the other tissues suggest that cadmium in the bile is not only a result of daily uptake, but is also related to the total cadmium burden in the body. However, the strong pairwise con-elation between cadmium levels in bile and kidneys is eliminated when considering partial con-elation even though the kidneys are the major organs for cadmium storage. Similarly, the pairwise con-elation coefficient for cadmium in muscle versus bile is reduced by partial con-elation. The cadmium burden of the bile appears to be connected mainly with the level in the liver, as the partial con-elation between these tissues is highly significant. These results suggest that the liver is the major organ responsible for excretion of the daily cadmium uptake from food, while the kidneys are involved in long term storage of cadmium, and excretion from this organ would rather be reflected in the urine, which was not analysed in this study. To our knowledge, no other data for heavy metals and selenium in bile from marine mammals have been published.
The results presented in this study differ in several respects from studies on humans and from some animal experiments. In humans, only about 5 to 7% of the cadmium is estimated to be absorbed in the intestine, and little cadmium is excreted again (Friberg et al. 1986 ). The biological half-life in the liver has been estimated to be between 5 and 15 years (WHO 1992 , Nordberg et al. 1986 . In other mammals, the liver half-life has been estimated to be between 10 to 50% of the lifespan (WHO 1992). The actual excretion of cadmium through the bile has been studied in rats given repeated subcutaneous injections of cadmium (Elinder and Pannone 1979) . These doses resulted only in a moderate increase of cadmium in the bile (average 0.014pg/rnl), compared to the almost 200 times higher level found in ringed seals in Greenland. Despite this, the liver and kidney cadmium levels obtained in rats (70pg/g and 58pg/g ww, respectively) were higher than those for ringed seals in the present study (17pg/g and 55pg/g ww, respectively).
To some extent, ringed seals and most likely other marine mammals, metabolise cadmium differently to humans and rodents, with a greater cadmium intake from food followed by high excretion via the bile. This could be an adaptation to the high cadmium exposure of marine mammals in some areas. Such an adaptation is supported by preliminary effect investigations, where kidney damage in ringed seals has not so far been demonstrated, although cadmium levels of> 200 (pg/g) were found in the kidneys (Dietz et al. in press a). Concentrations above this limit and probably even at lower levels are believed to cause kidney damage in humans and animals (Elinder and Hirup 1996) .
The strong con-elation between cadmium and zinc in the bile suggests that excretion of cadmium involves zinc-metallothionein. This protein is responsible for storing cadmium in liver and kidneys in marine mammals and other mammal groups including humans (Cousins 1979 , 1985 , Wagemann and Hobden 1986 , WHO 1992 . Studies of rats have shown that cadmium in the bile is associated with a low molecular weight compound, partly characterised as Cd-glutathione, following the degradation of metallothionein in the kidneys and liver (Cherian and Vostal 1977, Nordberg et al. 1985) . This is likely to be the same for marine mammals. Thus, the con-elation between cadmium and zinc in the bile is likely to be due to the breakdown of metallothionein, followed by an excretion of both metals to the bile.
The concentration of mercury in the bile from ringed seals is about half the burden in the muscle, indicating that seals may excrete a substantial amount of mercury through the bile. Faecal excretion, however, is strongly dependent on resorption from the intestine. The large variation in the bile/liver mercury ratio implies that the excretion of mercury is related to the actual mercury intake from the diet rather than the general body burden. Calculation of partial correlation shows that mercury in bile is only correlated to kidney levels, and this probably reflects the daily uptake of mercury from the diet followed by excretion via the kid neys. This is supported by the fact that the kidneys have only limited involvement in the long time storage of mercury. Studies on humans and animal experiments also show that mercury is continuously excreted from both the kidneys and from the liver (WHO 1976). However, there was no correlation evident between mercury in bile versus liver and muscle in ringed seals, despite the fact that the liver is the major organ for mercury storage, and together with the muscle tissue, contains by far the majority of the mercury body burden.
The faecal excretion of mercury depends on the amount reabsorbed from the intestine (enterohepatic circulation), which again depends en whether mercury is in inorganic or organic form. In general, methyl mercury in mammals has been reported to be efficiently (>95 %) taken up in the intestine, while only a limited amount (c. 15%) of the inorganic mercury is taken up (WHO 1990) . In marine mammals, organic mercury (methyl-mercury) constitutes the majority of the mercury intake. Organic mercury in fish makes up to 80% or more of the total mercury burden (WHO 1990, Dietz unpublished data) . On the one hand, this suggest that methyl-mercury constitutes the major fraction of the mercury in the bile of ringed seals, and that the majority is likely to be reabsorbed from the intestine, thereby limiting the actual excretion. On the other hand, the demethylating process in the liver might to some extent increase the inorganic fraction of mercury in the
